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Abstract
Accurate species discrimination of ﬁlamentous fungi is essential, because some species have speciﬁc antifungal susceptibility patterns,
and misidentiﬁcation may result in inappropriate therapy. We evaluated matrix-assisted laser desorption ionization time-of-ﬂight mass
spectrometry (MALDI-TOF MS) for species identiﬁcation through direct surface analysis of the fungal culture. By use of culture collec-
tion strains representing 55 species of Aspergillus, Fusarium and Mucorales, a reference database was established for MALDI-TOF MS-
based species identiﬁcation according to the manufacturer’s recommendations for microﬂex measurements and MALDI BioTyper 2.0
software. The proﬁles of young and mature colonies were analysed for each of the reference strains, and species-speciﬁc spectral ﬁnger-
prints were obtained. To evaluate the database, 103 blind-coded fungal isolates collected in the routine clinical microbiology laboratory
were tested. As a reference method for species designation, multilocus sequencing was used. Eighty-ﬁve isolates were unequivocally
identiﬁed to the species level (‡99% sequence similarity); 18 isolates producing ambiguous results at this threshold were initially rated
as identiﬁed to the genus level only. Further molecular analysis deﬁnitively assigned these isolates to the species Aspergillus oryzae (17
isolates) and Aspergillus ﬂavus (one isolate), concordant with the MALDI-TOF MS results. Excluding nine isolates that belong to the fun-
gal species not included in our reference database, 91 (96.8%) of 94 isolates were identiﬁed by MALDI-TOF MS to the species level, in
agreement with the results of the reference method; three isolates were identiﬁed to the genus level. In conclusion, MALDI-TOF MS is
suitable for the routine identiﬁcation of ﬁlamentous fungi in a medical microbiology laboratory.
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Introduction
Identiﬁcation of ﬁlamentous fungi in clinical mycology labora-
tories is currently performed by conventional methods such
as colony morphology and microscopic characteristics [1],
but such morphological studies are notoriously cumbersome,
time-consuming and highly subjective, often leading to incon-
clusive or erroneous outcomes. Furthermore, fungal classiﬁ-
cation undergoes almost continual change [2], particularly
since the recent introduction of nucleic acid-based method-
ology, by which cryptic species within each morphologically
recognized ‘morphospecies’ are revealed [3].
Matrix-assisted laser desorption ionization time-of-ﬂight
mass spectrometry (MALDI-TOF MS) emerged several years
ago as a powerful tool for characterizing a broad spectrum
of bacteria [4,5], and this technique has recently been seen
to compare favourably with biochemical and genomic identiﬁ-
cation methods [6]. Comparatively little has been published
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on this approach to fungal identiﬁcation, and very few refer-
ence spectra for ﬁlamentous fungi are currently included in
the database of commercially available devices [7].
Among various methods of sample preparation investi-
gated to determine optimum analysis criteria for fungal analy-
sis by MALDI-TOF MS, the ‘intact’ cell technique, in which
portions of mycelium and/or conidia from a fungal culture
are mixed with the matrix solution and spotted onto a
MALDI plate, has been used to desorb protein biomarkers
from ﬁlamentous fungi [8,9]. In this context, a recent study
using MALDI-TOF MS to discriminate clinically important
species of Aspergillus showed that inclusion in the database of
spectra from differently aged colonies for each species
allowed accurate speciation regardless of the maturity of the
isolate tested [10].
In the present study, MALDI-TOF MS was applied to the
species characterization of clinically relevant moulds by
direct surface analysis of young and mature fungal colonies,
as currently recovered from clinical specimens on diagnostic
fungal media. We constructed and validated a large reference
database for the routine identiﬁcation of clinical Aspergillus,
Fusarium and Mucorales isolates. The reliability of species des-
ignation by MALDI-TOF MS was assessed by comparing the
results with those obtained using sequence-based identiﬁca-
tion methods.
Materials and Methods
Fungal strains and culture conditions
The fungal strains used in this study comprised 81 archived
clinical isolates selected from the culture strain collections of
the Universita` Cattolica del Sacro Cuore, Rome, Italy
(UCSC), the University Hospital Innsbruck, Austria (FL), the
Universita` La Sapienza, Rome, Italy (CG) and the Universita`
degli Studi di Milano, Milan, Italy (IUM). In addition, 28 com-
mercially available strains were obtained from the American
Type Culture Collection (ATCC, Manassas, VA, USA) and
from the Centraalbureau voor Schimmelcultures (CBS, Utr-
echt, The Netherlands). After being retrieved from their fro-
zen 15% glycerol stocks, all of the strains were used to
establish a reference database for MALDI-TOF MS-based
fungal species identiﬁcation (Table 1).
To evaluate this database, a strain challenge set was used
that included 103 fresh non-repetitive fungal isolates that
were consecutively recovered from clinical specimens
received by the Clinical Microbiology Laboratory of the Uni-
versita` Cattolica del Sacro Cuore (Rome, Italy) between Jan-
uary 2010 and April 2011 (Table 2). The clinical isolates
were cultured on diagnostic fungal media such as Sabouraud
dextrose agar (SDA) with chloramphenicol (Kima, Padua,
Italy). They were presumptively identiﬁed at the species level
by morphological (macroscopic and microscopic) examina-
tion, using a reference guide [1]. Additional ATCC-type and
CBS-type strains (see Table S1) were included in the chal-
lenge set to cover all of the fungal species in the reference
database, as described below.
Prior to MALDI-TOF MS testing, all fungal strains except
for the challenge isolates were subcultured on SDA plates
and grown at 30C to yield young (diameter <1 cm) or
mature (diameter ‡3 cm) colonies, respectively. For both
fungal colonies, the corresponding sporulation was ascer-
tained by light microscopy observation [1].
Sequencing and sequence analyses of fungal gene targets
As a reference method for species designation, sequencing of
the internal transcribed spacer ITS1 and ITS2 regions ﬂanking
5.8S ribosomal DNA (rDNA) (ITS1–5.8S–ITS2) was per-
formed for all of the isolates studied, followed by sequencing
of partial portions of the b-tubulin (b-TUB) and/or calmodu-
lin (CAM) genes for Aspergillus isolates and of the elongation
factor 1a (EF-1a) gene for Fusarium isolates [1,11–13]. PCR
products were sequenced as previously described [14], and
species identiﬁcation was performed by searching databases
with the BLAST sequence analysis tool (http://www.ncbi.nlm.
nih.gov/BLAST/) and/or from the FUSARIUM-ID v. 1.0 data-
base (http://fusarium.cbio.psu.edu). The isolate was assigned
to a species if it had ‡99% sequence homology with a
sequence entry available in the searched databases, whereas
a sequence similarity of ‡97% was used for identiﬁcation of
the isolate to the genus level [15].
MALDI-TOF MS sample preparation, spectrum generation
and data analysis
The surfaces of the fungal colonies grown as described
above were scraped with a sterile scalpel, and the resulting
mixture of mycelium and/or conidia was suspended in
200 lL of distilled water. One microlitre of the mixture
was directly spotted onto a polished steel target plate (Bru-
ker Daltonics, Bremen, Germany) and air dried at room
temperature. Each sample was overlaid with 1 lL of abso-
lute ethanol and air-dried at room temperature. One micro-
litre of a saturated solution of a-cyano-4-hydroxycinnamic
acid in 50% acetonitrile/2.5% triﬂuoroacetic acid (Bruker
Daltonics) was then added and allowed to co-crystallize
with the sample at room temperature. Measurements were
performed with a microﬂex LT mass spectrometer (Bruker
Daltonics). A Bruker Bacterial Test Standard (BTS255343;
Bruker Daltonics) was used for instrument calibration. Spec-
tra were recorded in the positive linear mode (laser
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frequency, 20 Hz; ion source 1 voltage, 20 kV; ion source 2
voltage, 16.7 kV; lens voltage, 8.5 kV; mass range, 2000–
20 000 Da). Fungal strains investigated for the ﬁrst time
were recorded as reference spectra (synonymous with main
spectra), using the automated functionality of the MALDI
Biotyper 2.0 software package (Bruker Daltonics). Brieﬂy,
for each database entry, ten individually measured mass
spectra were imported into the software, which performs
normalization, smoothing, baseline correction and peak pick-
ing, thus generating a list of most signiﬁcant peaks to create,
and calculates a main spectrum containing the average peak
mass, the average peak intensity and frequency information.
Reference spectra of newly created main spectra for the
fungal organisms investigated were added to the original
BioTyper database, a part of the MALDI BioTyper 2.0 soft-
ware, which contained 3290 reference spectra of a broad
TABLE 1. Fungal culture collection
strains used to establish the refer-
ence database for matrix-assisted
laser desorption ionization time-of-
ﬂight mass spectrometry-based spe-
cies identiﬁcation
Order Genus Straina
Eurotiales Aspergillus
Section Fumigati A. fumigatus ATCC1028, CG221, CG230, CG274, CG287, CG295
A. lentulus UCSC529, CBS117887
A. novofumigatus CBS117519
A. viridinutans CBS127.56
Neosartorya udagawae CG283, CBS114217, UCSC298
Neosartorya hiratsukae CBS294.93, UCSC194
Neosartorya pseudoﬁscheri CBS404.67, CG200
A. unilateralis CBS126.56
Section Flavi A. ﬂavus CBS110.45, UCSC387, FL16
A. ﬂavus var. columnaris CBS485.65
A. oryzae CBS108.24, CBS819.72, FL13, FL22
A. parasiticus CBS571.65
A. parasiticus var. globosus CBS260.67
A. alliaceus UCSC343
Section Terrei A. terreus UCSC405, UCSC431, FL3, FL9, FL52, FL64, FL67
A. alabamensis FL109, FL110
Section Nigri A. niger FL6, FL17
A. tubingensis CBS115.29, UCSC453, FL9, FL12
A. awamori CBS113.33
A. japonicus CBS568.65
A. foetidus CBS119384, FL4
Section Nidulantes Emericella nidulans UCSC401, UCSC424
Emericella quadrilineata CBS235.65
A. sydowii UCSC344, UCSC438
A. versicolor UCSC229, UCSC234, UCSC441
A. unguis UCSC132, UCSC324
Section Usti A. ustus CBS239.90
A. calidoustus CBS121601
Section Circumdati A ochraceus UCSC4, UCSC421
A. melleus UCSC426
A. sclerotiorum UCSC338
Section Aspergillus A. glaucus UCSC206, UCSC216
Section Candidi A. candidus UCSC175
Mucorales Mucor M. racemosus FL47
M. plumbeus FL42
M. fragilis FL71
M. circinelloides FL84, UCSC161, UCSC167, IUM04-52007005
M. hiemalis FL72
Lichtheimia L. corymbifera FL41, FL103
L. ramosa FL76
Rhizopus R. microsporus FL15, FL28
R. oryzae UCSC6, UCSC74, UCSC75, UCSC233
Rhizomucor Rhizomucor pusillus FL45, IUM07-0254
Hypocreales Fusarium F. solani species complex, FL94, FL97, UCSC447, UCSC448, UCSC490
F. chlamydosporum species complex CBS145.25, FL94, FL96, FL97
F. oxysporum species complex UCSC127, UCSC512
F. proliferatum UCSC446
F. subglutinans IUM02-0755
F. brachygibbosum CBS121682, UCSC439
F. incarnatum-equiseti species complex CBS150.25, UCSC490
F. tricinctum species complex CBS449.67, UCSC463
F. dimerum CBS366.73
F. poae ATCC15654
F. verticillioides CBS125.73
Gibberella fujikuroi species complex UCSC464
ATCC, American Type Culture Collection (Manassas, VA, USA); CBS, Centraalbureau voor Schimmelcultures (Utr-
echt, The Netherlands); CG, culture strain collection of the Universita` La Sapienza (Rome, Italy); FL, culture strain
collection of the University Hospital of Innsbruck (Innsbruck, Austria); IUM, culture strain collection of the Univer-
sita` degli Studi di Milano (Milan, Italy); UCSC, culture strain collection of the Universita` Cattolica del Sacro Cuore
(Rome, Italy).
aA total of 109 fungal strains were used. With the exception of the ATCC-type and CBS-type strains, those from
the other collections were identiﬁed molecularly, based on b-TUB and/or CAM (for Aspergillus strains), EF-1a (for
Fusarium strains) and ITS1-5.8S-ITS2 (for Mucorales strains) gene sequence comparison.
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TABLE 2. Identiﬁcation results for the 103 clinical fungal isolates obtained by matrix-assisted laser desorption ionization time-
of-ﬂight mass spectrometry (MALDI-TOF MS) in comparison with those obtained by multilocus sequence-based species identi-
ﬁcation
Challenge isolate
Multilocus sequencinga MALDI-TOF MS
Species ID Level of IDb Species ID Log(score)c
Match against
Y or M spectrumd
CH1 Aspergillus fumigatus Species A. fumigatus 2.319 M
CH2 A. fumigatus Species A. fumigatus 2.290 M
CH3 Aspergillus alliaceus Species A. alliaceus 2.103 M
CH4 Scedosporium proliﬁcans Species No ID 1.443 NA
CH5 A. fumigatus Species A. fumigatus 2.319 M
CH6 A. fumigatus Species A. fumigatus 2.667 Y
CH7 A. fumigatus Species A. fumigatus 2.311 M
CH8 A. fumigatus Species A. fumigatus 2.350 M
CH9 A. fumigatus Species A. fumigatus 2.440 M
CH10 A. fumigatus Species A. fumigatus 2.465 M
CH11 Beauveria bassiana Species No ID 1.318 NA
CH12 A. fumigatus Species A. fumigatus 2.373 M
CH13 Aspergillus terreus Species A. terreus 2.257 M
CH14 Aspergillus ﬂavus/Aspergillus oryzae Two different species possible A. oryzae 2.127 M
CH15 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.291 M
CH16 A. terreus Species A. terreus 2.137 M
CH17 Cladosporium cladosporioides Species No ID 1.556 NA
CH18 Aspergillus tubingensis Species A. tubingensis 2.175 M
CH19 A. tubingensis Species A. tubingensis 2.026 M
CH20 A. tubingensis Species A. tubingensis 2.110 Y
CH21 Aspergillus sydowii Species A. sydowii 2.025 Y
CH22 Aspergillus lentulus Species A. lentulus 2.017 M
CH23 Emericella nidulans Species E. nidulans 1.817 Y
CH24 A. tubingensis Species A. tubingensis 2.101 M
CH25 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.348 Y
CH26 A. tubingensis Species A. tubingensis 2.115 M
CH27 Bipolaris spicifera Species No ID 1.379 NA
CH28 Aspergillus niger Species A. niger 1.874 Y
CH29 A. tubingensis Species A. tubingensis 2.042 M
CH30 A. niger Species A. niger 2.155 Y
CH31 A. sydowii Species A. sydowii 2.009 Y
CH32 A. niger Species A. niger 2.020 Y
CH33 A. niger Species A. niger 2.124 Y
CH34 A. fumigatus Species A. fumigatus 2.246 M
CH35 A. fumigatus Species A. fumigatus 2.304 Y
CH36 A. sydowii Species A. sydowii 2.165 M
CH37 A. fumigatus Species A. fumigatus 2.206 Y
CH38 A. sydowii Species A. sydowii 2.115 M
CH39 Aspergillus alabamensis Species A. alabamensis 2.196 M
CH40 A. fumigatus Species A. fumigatus 2.199 Y
CH41 A. sydowii Species A. sydowii 2.055 M
CH42 A. terreus Species A. terreus 2.147 Y
CH43 A. sydowii Species A. sydowii 2.049 M
CH44 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.278 M
CH45 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.303 M
CH46 A. terreus Species A. terreus 2.117 Y
CH47 Curvularia lunata Species No ID 0.919 NA
CH48 Alternaria infectoria Species No ID 1.177 NA
CH49 Fusarium oxysporum Species F. oxysporum 2.306 Y
CH50 F. oxysporum Species F. oxysporum 2.143 Y
CH51 A. ﬂavus/A. oryzae Two different species possible A. ﬂavus 2.102 M
CH52 A. fumigatus Species A. fumigatus 2.286 Y
CH53 A. fumigatus Species A. fumigatus 2.190 M
CH54 A. fumigatus Species A. fumigatus 2.115 M
CH55 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.241 M
CH56 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.268 M
CH57 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.116 M
CH58 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.034 M
CH59 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.127 M
CH60 Chaetomium globosum Species No ID 0.896 NA
CH61 Alternaria alternata Species No ID 1.535 NA
CH62 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.214 M
CH63 A. tubingensis Species A. tubingensis 2.106 M
CH64 E. nidulans Species E. nidulans 2.165 M
CH65 Fusarium solani Species F. solani 2.242 M
CH66 A. terreus Species A. terreus 2.417 Y
CH67 Aspergillus unguis Species A. unguis 2.182 Y
CH68 Aspergillus calidoustus Species A. calidoustus 2.251 M
CH69 Aspergillus versicolor Species A. versicolor 1.796 Y
CH70 F. solani Species F. solani 2.238 M
CH71 Aspergillus ochraceus Species A. ochraceus 2.127 M
CH72 A. unguis Species A. unguis 2.084 M
CH73 A. terreus Species A. terreus 2.428 Y
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number of microbial species, including, among ﬁlamentous
fungal species, six Aspergillus, two Fusarium, one Rhizopus,
one Neosartorya, one Scedosporium, two Paecilomyces, two
Penicillium and nine dermatophytes. For fungal identiﬁcation,
the raw spectra of the unknown fungi were used for pat-
tern matching (with default parameter settings) against the
reference spectra of the database. The results of the pat-
tern-matching process were expressed as proposed by the
manufacturer, with log(score) values ranging from 0 (no
similarity) to 3 (absolute identity). For each isolate, the
highest log(score) value of a match against a spectrum in
the database was used for identiﬁcation. Log(score) values
‡2.0 are rated as identiﬁcation at the species level, whereas
values ‡1.7 and <2.0 are rated as identiﬁcation at least at
the genus level. Results based on log(score) values of <1.7
are rated as not suitable for identiﬁcation by the MALDI
BioTyper 2.0 software package. Principal component analysis
(PCA) and hierarchical cluster analysis were conducted with
the integrated tools of the MALDI BioTyper 2.0 software
package, using default settings.
MALDI-TOF mass-spectrum variance testing
To estimate the mass-spectral variance of biological repli-
cates, here deﬁned as repeated samples of the same strain,
two independent cultures for 15 randomly selected fungal
strains (Emericella nidulans UCSC401, Aspergillus niger FL6,
Aspergillus terreus FL64, Aspergillus tubingensis CBS115.29,
Aspergillus oryzae CBS819.72, Aspergillus lentulus CBS117887,
Aspergillus fumigatus CG221, Fusarium solani species
complex UCSC490, Fusarium dimerum CBS366.73, Gibberella
fujikuroi species complex UCSC464, Fusarium oxysporum spe-
cies complex UCSC512, Mucor circinellioides FL84, Lichtheimia
corymbifera FL41, Rhizopus microsporus FL15 and Rhizopus
oryzae UCSC74) were performed under standard conditions
as described above, to obtain a total of 30 individual fungal
cultures. Preparations of two biological replicates for each
selected strain were measured at the same time on the mass
spectrometer. In addition, technical mass-spectral variance
was determined by measuring eight (technical) replicates of a
given fungal sample on the same MALDI target plate in the
same mass spectrometer run.
TABLE 2. Continued
Challenge isolate
Multilocus sequencinga MALDI-TOF MS
Species ID Level of IDb Species ID Log(score)c
Match against
Y or M spectrumd
CH74 Lichtheimia corymbifera Species L. corymbifera 2.411 Y
CH75 Lichtheimia ramosa Species L. ramosa 2.433 Y
CH76 L. ramosa Species L. ramosa 2.459 Y
CH77 L. ramosa Species L. ramosa 2.305 M
CH78 Rhizopus oryzae Species R. oryzae 2.136 Y
CH79 A. fumigatus Species A. fumigatus 2.408 M
CH80 F. oxysporum Species F. oxysporum 2.050 Y
CH81 Rhizomucor pusillus Species Rhizomucor pusillus 2.471 M
CH82 Alternaria alternata Species No ID 1.479 NA
CH83 A. fumigatus Species A. fumigatus 2.316 M
CH84 A. fumigatus Species A. fumigatus 2.219 M
CH85 L. ramosa Species L. ramosa 2.339 M
CH86 A. fumigatus Species A. fumigatus 2.401 M
CH87 A. fumigatus Species A. fumigatus 2.269 M
CH88 A. terreus Species A. terreus 2.156 M
CH89 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.159 M
CH90 A. fumigatus Species A. fumigatus 2.307 M
CH91 A. niger Species A. niger 2.159 Y
CH92 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.261 M
CH93 A. fumigatus Species A. fumigatus 2.338 M
CH94 A. unguis Species A. unguis 2.197 Y
CH95 A. fumigatus Species A. fumigatus 2.434 M
CH96 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.119 M
CH97 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.063 M
CH98 A. fumigatus Species A. fumigatus 2.073 M
CH99 Mucor circinelloides Species M. circinelloides 2.340 M
CH100 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.023 M
CH101 A. terreus Species A. terreus 2.147 M
CH102 A. fumigatus Species A. fumigatus 2.162 Y
CH103 A. ﬂavus/A. oryzae Two different species possible A. oryzae 2.319 Y
NA, not applicable.
aSequence analysis of the ITS1–5.8S–ITS2, b-TUB, CAM and/or EF-1a gene regions was used as the reference identiﬁcation method (see text for details).
bThe achievable level of identiﬁcation derived from multilocus sequencing is given. Sequence similarities ‡99% were used for identiﬁcation to the species level, and sequence
similarities ‡97% were used for identiﬁcation to the genus level. Sequences with ambiguous similarity search results (multiple top-scoring results) were rated as identiﬁcation
to the genus level only.
cLog(score) values of ‡2.0 and ‡1.7 were required for identiﬁcation to the levels of species and genus, respectively.
dFor each identiﬁed isolate, the correct best match against the spectrum from a young (Y) or mature (M) colony of the corresponding reference strain was reported.
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Results
Construction and validation of a MALDI-TOF MS ﬁlamen-
tous fungi reference database
Initial experiments revealed that neither culture medium
(SDA, malt agar or potato dextrose agar), incubation tem-
perature (30C or 35C) nor pretreatment of fungi (e.g. a
lysis step) affected the accuracy of MALDI-TOF MS identiﬁ-
cations (data not shown). Nevertheless, length of incubation
of the fungal cultures (24–120 h) signiﬁcantly inﬂuenced the
MALDI-TOF MS proﬁles, probably because of different levels
of fungal sporulation at different cultivation times (data not
shown). Thus, visual inspection of the spectra from young
(<48 h of sporulation) and mature (96–120 h of sporulation)
colonies within a same fungal species showed substantial dif-
ferences concerning the number and intensity of mass peaks,
in agreement with previous observations [7,9,10].
Therefore, we applied MALDI-TOF MS to direct surface
analysis of both young and mature colonies, as arbitrarily cat-
egorized on the basis of diameter size, from each of 109
public and in-house culture collection strains belonging to
the 55 most clinically relevant species of aspergilli (33 spe-
cies), fusaria (12 species) and Mucorales (ten species)
(Table 1). These analyses gave spectra of sufﬁcient quality to
generate main spectra, which were included in the existing
MALDI-TOF MS reference database (database version 2.0).
Figs S1–S3 show representative mass spectra for type strains
of aspergilli, fusaria and Mucorales as measured with the mic-
roﬂex LT spectrometer. In general, the majority of ions
detected were in an m/z range of 4000–10 000 Da. Within
each fungal group, no single peak could be identiﬁed as a
marker of a given species, and no single peak was common
to all of the species tested. Spectra of biological replicates,
prepared from two repeated cultivations of 15 different
strains, matched the expected reference spectra resulting in
log(score) values of at least 2.3 for all samples. PCAs with
spectra of eight technical replicates of each of 15 strain prep-
arations were also performed for the selected aspergilli
(seven), fusaria (four) and Mucorales (four) strains, respec-
tively (Fig. 1). Within each PCA, all technical replicates of a
given reference spectrum form discrete clusters according to
their strain, indicating that, in spite of little variation between
technical replicates of spectra of a particular strain, spectra
of the reference strains showed enough difference from each
other to allow discrimination between them.
To validate the extended MALDI-TOF MS reference data-
base as a tool for fungal species identiﬁcation, a panel of 103
challenge isolates of aspergilli, fusaria, Mucorales and other
fungi (Table 2) that grew directly on diagnostic media, from
clinical specimens collected during a 16-month microbiology
laboratory routine, were matched against it. The challenge
set was also composed of culture collection strains (see
Table S1), in order to encompass all of the fungal species
present in our reference database. In parallel with MALDI-
TOF MS identiﬁcation, all strains were analysed by multilocus
sequencing (see above for details), which was used as a ref-
erence method. As shown in Table 2, MALDI-TOF MS iden-
tiﬁed, according to their designated species, 91 of 94 clinical
isolates (96.8%) of Aspergillus, Fusarium and Mucorales, with
(a) (b) (c)
FIG. 1. Three-dimensional principal component analysis (PCA) plot of the technical replicates of selected reference strains of (a) Aspergillus
(seven strains), (b) Fusarium (four strains) and (c) Mucorales (four strains). Every dot represents a single technical replicate. The spectra of a par-
ticular fungal reference strain are colour-coded: (a) Emericella nidulans UCSC401 in green, Aspergillus niger FL6 in yellow, Aspergillus terreus FL64
in blue, Aspergillus tubingensis CBS115.29 in dark pink, Aspergillus oryzae CBS819.72 in light blue, Aspergillus lentulus CBS117887 in brown and
Aspergillus fumigatus CG221 in red; (b) Fusarium solani species complex UCSC490 in red, Fusarium dimerum CBS366.73 in green, Gibberella fujikuroi
species complex UCSC464 in yellow and Fusarium oxysporum species complex UCSC512 in blue; and (c) Mucor circinelloides FL84 in red, Lichthei-
mia corymbifera FL41 in green, Rhizopus microsporus FL15 in blue and Rhizopus oryzae UCSC74 in yellow.
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no non-identiﬁcation or misidentiﬁcation with the other
3290 reference spectra contained in the database. The log(-
score) values of the 91 isolates with correct results were all
higher than 2.0, whereas three isolates with a
log(score) value of <2.0 (1.817, 1.874 and 1.796, respec-
tively) could be identiﬁed only to the genus level, but had
concordant species designations as compared with the
results of the reference method. By contrast, the clinical iso-
lates that belonged to species not included in our database
had all log(score) values of <1.7, thereby conﬁrming the
speciﬁcity of MALDI-TOF MS identiﬁcation (Table 2). As
expected, additional strains included in the challenge set were
all unambiguously identiﬁed as belonging to one of the corre-
sponding species in our reference database, with log(score)
values ranging from 2.261 to 2.432 (data not shown).
MALDI-TOF MS for species identiﬁcation within the
Aspergillus and Fusarium complexes
By comparative sequence analyses of the b-TUB and/or CAM
regions, 63 of the 81 Aspergillus isolates studied were
unequivocally identiﬁed to the species level (‡99% sequence
similarity), concordant with the MALDI-TOF MS results.
These isolates were designated as A. fumigatus and A. lentulus
(section Fumigati), A. niger and A. tubingensis (section Nigri),
E. nidulans, Aspergillus sydowii and Aspergillus unguis (section
Nidulantes) and A. terreus and Aspergillus alabamensis (section
Terrei) (Table 2). By contrast, 18 Aspergillus isolates, all
belonging to section Flavi, gave multiple species as results by
partial b-TUB gene sequencing, and were therefore regarded
as identiﬁed to the genus level only (Table 2). Further
molecular analysis of these isolates by means of SmaI DNA
digestion [16] led to their deﬁnite species designation as
A. oryzae (17 isolates) and Aspergillus ﬂavus/Aspergillus parviscl-
erotigenus (one isolate) (data not shown), concordant with
the MALDI-TOF MS results. Cluster analysis based on a
matrix of pairwise correlation values for spectra of selected
reference and challenge strains belonging to section Flavi
resulted in separate clusters at the species level (Fig. 2).
Interestingly, the challenge isolates A. oryzae CH15 and
CH25 and A. ﬂavus CH51 grouped with the corresponding
reference strains, in agreement with the reference method,
and their respective clusters were distinct from those of
other Aspergillus species, such as Aspergillus parasiticus and
Aspergillus alliaceus.
By partial EF-1a gene sequencing, two of the Fusarium iso-
lates in our challenge set exhibited 100% identity with strains
of the F. solani species complex, and these results agreed
with those obtained by MALDI-TOF MS (Table 2). With use
of the FUSARIUM-ID database [13], a closer analysis of the
EF-1a gene sequences from all of our F. solani species com-
plex strains (reference and challenge) allowed their designa-
tions as species 2 (UCSC490), 3 + 4 (UCSC447, 3 + 4-aaa;
UCSC448, 3 + 4-aa; CH65, 3 + 4-jj) and 5 (FL94, 5-l; FL97,
5-g; CH70, 5-l) [17], within clade 3, one of three major
clades in which are nested all of the phylogenetically distinct
species of F. solani species complex [18]. Therefore, with the
aim of exploring the ability of MALDI-TOF MS to discrimi-
nate among these related species, a phylogenetic analysis was
carried out based on the MALDI-TOF MS spectra obtained
for the seven F. solani species complex strains mentioned
above (Fig. 3). Interestingly, this analysis showed that the
strains were clustered in separate groups according to their
phylogenetic species designation, and that strains with the
same sequence type (5-l) were almost indistinguishable.
FIG. 2. Cluster analysis of matrix-assisted laser desorption ionization time-of-ﬂight mass spectrometry spectra of selected reference strains and
challenge isolates (CH15, CH25 and CH51) identiﬁed as Aspergillus section Flavi species. Distance is displayed in relative units.
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Discussion
Fast and accurate molecular mass determination and the pos-
sibility of automation has made MALDI-TOF MS a real alter-
native to conventional microbiological and molecular
methods. However, although classiﬁcation and identiﬁcation
of intact microorganisms by MALDI-TOF MS has been per-
formed by many research groups (for reviews, see Bizzini
and Greub [7] and Murray [6]), only a limited number of
studies have focused on fungal cells [8,9,19,20], in particular
on fungal spores [21–23]. Surprisingly, the composition of
fungal cell walls and spores exhibits qualitative and quantita-
tive differences, not only within different fungal species, but
also between different strains of the same fungal species
[23]. Although it is known that the success of species match-
ing is dependent on the number of strain entries within the
database for a given species, the results obtained in the pres-
ent study show clearly that accurate identiﬁcation was possi-
ble for isolates belonging to species with very few (or even
one) reference spectra in the database.
In contrast to some investigators [19,20], who reported
the need for sample pretreatment steps (i.e. cell wall lysis) in
order to increase the diagnostic signals for fungal species dif-
ferentiation, we used a simple, rapid and easy-to-perform
protocol consisting of the direct analysis of intact fungal
spores and/or hyphae, also termed MALDI-TOF intact cell
MS. This protocol was found to be reproducible and to pro-
vide enough peaks in MALDI spectra to enable us to build a
database containing the characteristic proﬁles of a panel of
representative fungal strains. In the development of our data-
base of ﬁngerprint mass spectra, special attention was paid
to keeping culture conditions constant, as well as to the fact
that spectral signals are inﬂuenced by different ages or devel-
opment stages of the fungus [9,10]. For these reasons, spec-
tra of both young and mature colonies for each reference
strain were included in our database, so that identiﬁcation of
a fungal isolate recovered from a clinical specimen could be
achieved regardless of its sporulation level. Interestingly, 94
clinical isolates, blindly tested by us after they had been sim-
ply scraped from a primary culture plate, gave spectra that
matched with those of young (31 isolates) or mature (63 iso-
lates) colonies of the corresponding reference strains, thus
avoiding subculturing of the isolates to encourage fructiﬁca-
tion, as is required for morphological identiﬁcation. Such a
strategy allowed to obtain a correct identiﬁcation rate of
96.8%, with only three discrepancies to the species level, but
no misidentiﬁcations, when compared with the multilocus
sequencing reference method.
It would be useful to future users of MALDI-TOF intact
cell MS in the clinical setting to take into account that analy-
sis should be carried out immediately after cultures attain
the speciﬁc diameter(s), to avoid production of secondary
metabolites, so that mutagens and inhibitors are not pro-
duced. These metabolites, which are known to have detri-
mental effects on diagnostic and phylogenetic protocols that
employ nucleic acids [24,25], may also affect phenotypes and,
indeed, MALDI proﬁles [9]. Although adequate care remains
relevant [26], intact fungal cells consisting of larger samples
could provide an additional advantage in terms of reducing
the signiﬁcance of interference and contaminants that are
observed with small sample sizes [9].
Our study conﬁrms the discriminatory power and identiﬁ-
cation accuracy of MALDI-TOF MS for fungal species, and its
superiority over morphological analysis and molecular identiﬁ-
cation. The turn-around time for MALDI-TOF MS (calculated
FIG. 3. Cluster analysis of matrix-assisted laser desorption ionization time-of-ﬂight mass spectrometry spectra of all of the reference strains and
challenge isolates (CH65 and CH70) of Fusarium solani species complex strains studied. Distance is displayed in relative units. ST, sequence type.
482 Clinical Microbiology and Infection, Volume 18 Number 5, May 2012 CMI
ª2011 The Authors
Clinical Microbiology and Infection ª2011 European Society of Clinical Microbiology and Infectious Diseases, CMI, 18, 475–484
as the minimum sample time required to produce an identiﬁca-
tion result) was c. 10 min, rather than the hours or days
required for genotypic or phenotypic characterizations. In
addition, MALDI-TOF MS was more cost-effective, as a result
of minimal expenditure on consumable reagents and simple
operating procedures, which enabled technicians to be trained
in <1 h. In contrast, the equipment necessary for molecular
work is very expensive, and the process needs to be overseen
by a skilled molecular biologist, to avoid potential errors in
identiﬁcation [27]. Nevertheless, the MALDI-TOF MS equip-
ment is not cheap, and molecular diagnostic techniques are still
required in cases for which no reference spectra are present
in the MALDI-TOF MS databases at the time of analysis.
It is interesting that, whereas MALDI-TOF MS was able to
easily differentiate A. ﬂavus and A. oryzae, two species that
are morphologically and phylogenetically similar to each
other [27], they were indistinguishable by b-TUB sequence
analysis, necessitating the use of a tedious and time-consum-
ing DNA-based technique for their ﬁnal discrimination. How-
ever, apart from the possibility of identifying interspeciﬁc
differences, the taxonomy of the Aspergillus section Flavi is
still a matter of debate [16,28], and much taxonomic and
population genetics work is necessary to better understand
the species and related species [29]. More interestingly, we
showed good discriminatory power of the correlation-based
cluster analysis of the MALDI BioTyper 2.0 software, as all
of the strains of the closely related species within the F. so-
lani species complex clade 3 were clustered according to
their deﬁnite sequence typing.
One strength of our study is that it provides and validates
a comprehensive reference database built with data for well-
characterized strains from culture collections from different
geographical regions, in order to reﬂect the natural diversity
of fungal species. After integration into the MALDI BioTyp-
er 2.0 software, this database can be easily implemented on
other sites, and then widely used and shared. Further expan-
sion of the MALDI-TOF MS database with other fungal
groups (e.g. dermatophytes) of clinical importance will help
to enhance the utility of this methodology for the identiﬁca-
tion of unknown fungal pathogens.
In conclusion, we feel that MALDI-TOF MS is robust
enough to support the clinical microbiologist/mycologist in
returning a timely and straightforward species-level identiﬁca-
tion of the fungal isolates that are daily recovered from clini-
cal specimens, although more studies on the ability of
MALDI-TOF MS to identify fungi isolated in clinical practice
are required. Thus, MALDI-TOF MS has the potential to
become a useful tool for the routine identiﬁcation of patho-
genic ﬁlamentous fungi, provided that the equipment is avail-
able.
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